propose an optical power domain non-orthogonal multiple access (OPD-NOMA) scheme for visible light communications. OPD-NOMA superposes user messages in the optical power domain based on a light-emitting diode (LED) array. The maximum driven current for respective circuits is reduced compared to that of conventional NOMA, in which the LED-array-module is driven by a single circuit. OPD-NOMA reduces the gain and bandwidth requirements for the driver circuit of light source. The nonlinear power-current response of LED largely restricts its usable dynamic range and thus the transmit power. In OPD-NOMA, signals with lower powers suffer from reduced nonlinear distortion. The experimental results show that, OPD-NOMA offers improved transmission performance compared to conventional NOMA using the same driver circuit, since it can make a better use of the linear dynamic range of the LED's power-current response.
I. INTRODUCTION
V ISIBLE light communications (VLC) is a potential solution for high-speed and short-range wireless communications [1] . However, the data rate offered by VLC is limited by the 3-dB bandwidth of light-emitting diode (LED). Non-orthogonal multiple access (NOMA) schemes are proposed to address this limitation [2] - [4] . In NOMA, multiplexing is carried out in the power domain (PD) or in the code domain by means of superposition coding, thus offering higher spectral efficiency compared to orthogonal multiple access (OMA). The PD-NOMA scheme is shown to be particularly suitable for short range (a few meters) VLC links with high signal to noise ratio (SNR) with a small number of users per cell [2] . It was shown extensively that NOMA enhanced the system capacity compared to OMA for VLC [3] , [4] . In [3] , [5] the power allocation schemes were investigated for PD-NOMA-VLC in order to optimize Manuscript the sum user rate. The experimental demonstrations of PD-NOMA-VLC were reported in [6] , [7] , whereas applications of PD-NOMA in MIMO-VLC were investigated [8] , [9] . Although PD-NOMA based VLC offers a number of advantages, the gains expected from NOMA-VLC are limited by the inherent LED nonlinearity (i.e., power-current (P-I) response). The LED nonlinearity largely restricts the dynamic range and the transmit power of common optical transmitters (Txs) as well as the overall system performances. In VLC transmission systems, a relatively large current is needed to drive the LEDs. It is known that the product of gain and bandwidth is a constant for a dirving amplifier. A larger current requires higher gain thus reduces the modulated bandwith of the dirver circuit. This also affects the overall system performance of NOMA-VLC. Equalization schemes such as hybrid time-frequency domain equalization and volterra-based nonlinear equalization were proposed to mitigate the LED's nonlinearity [10] , [11] . In addtion, the LED nonlinearity can be mitigated by adopting pre-distortion or post-distortion techniques [12] , [13] . Note that, conventional optical Txs cannot provide the required linearity in a power-and cost-efficient way. On the other hand, multiple LEDs are usually utilized for more intense illumination due to the limited luminous flux of individual LED. In [14] , [15] , VLC systems using switchable LEDs were reported to overcome the LED's nonlinearity. A grouped modulation scheme was proposed to generate a multiplelevel optical signal which reduced the gain-bandwidth product requirement for the diver circuit [16] .
In this letter, we propose an optical power domain (OPD)-NOMA VLC scheme using a LED array, where LEDs are divided into a number of groups with each group being driven by a user with a particular driver circuit. The proposed scheme incorporates all the attractive features of conventional PD-NOMA such as improved fairness, higher system throughput compared to OMA. In addition (i) the bandwidth constraint of a high current driver circuit for high-power LEDs is suppressed; and (ii) the transmitted signals with lower power levels suffer from a reduced level of nonlinear distortion due to LED's P-I characteristic and active electrical modules (i.e., amplifiers). In this letter, we have developed an experimental testbed to verify the feasibility of the proposed scheme. We show that, OPD-NOMA offers improved performance in terms of the average bit error rate (BER) compared to conventional PD-NOMA using the same driver circuit with a limited gainbandwidth product. This is because OPD-NOMA can make a better use of the linear dynamic range of the LED's P-I response. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. into N groups and each group is driven by a user with a particular driver circuit, where N is the number of users. The required number of driver circuits is equal to N. PD multiplexing is performed by assigning different numbers of LEDs to different users. The data for each user is combined with a direct current (DC) prior to intensity modulation (IM) of the grouped LEDs. The LED drive current is I DC + I t where I DC is the DC and I t is the transmit signal current for user t. Here we have assumed that LEDs have the same power-current (P-I) characteristic. The transmit optical power for user t is given by:
II. TECHNIQUE PRINCIPLE
where η is the LED's P-I modulation conversion coefficient and n t is the number of LEDs assigned to user t. Following photo detection, the electrical signal for user t is given by:
where ξ is the photodetector responsivity. In (2), we have assumed that the channel gains (i.e., h) are the same for all LEDs. In a typical VLC system where d > 1m, the power allocation ratio (PAR) of user 1 to user t is ∼ (n 1 /n t ) 2 .
Here we have assumed that, higher power is allocated to the user with higher index. In practical applications and considering a fair power allocation strategy, user with further distance from the Tx is allocated with more power. For OPD-NOMA the maximum drive current for the LEDs is
In conventional PD-NOMA schemes [7] , power allocation is realized in the electrical domain, where the electrical signals for all users with pre-allocated power are combined prior to IM of LEDs. Using the same number of LEDs (i.e., n LED = n 1 + n 2 + . . . + n N ) the total drive current is given by:
As such, the drive current of conventional PD-NOMA is significantly larger than that of OPD-NOMA. It is known that, the gain-bandwidth product of a driver circuit is a constant, which will limit the modulation bandwidth B mod . As a result, B mod in conventional PD-NOMA is smaller because it needs a higher gain to generate the same NOMA signal. In addition, a larger modulating signal (i.e., higher drive current) requires a LED and an electrical amplifier with much wider and linear dynamic range to ensure no clipping and saturation (i.e., no distortion).
In the conventional PD-NOMA scheme, dynamic power allocation methods such as gain ratio power allocation which consider the users' channel conditions, offer improved performance compared with the static power allocation method [2] . However, when the number of LEDs used is small, realization of fair dynamic power allocation in OPD-NOMA is an issue since the values of available power allocation ratio are discrete. But the static power allocation method is still available for OPD-NOMA to make a fair power allocation. Figure 2 shows the experimental setup for the proposed OPD-NOMA-VLC with two users. The detail block diagram is shown in Fig. 3 . At the Tx, two 1.7 Mbaud basedband OFDM signals mapped to QPSK are up-converted to a radio frequency (RF) subcarrier with a frequency of 1.25 MHz. This is realized in the MATLAB via the digital I-Q modulation scheme. The digital OFDM signals are converted to analog formats using an arbitrary waveform generator (AWG, RIGOLDG5352). Note, the AWG also acts as a driver amplifier, and the maximum output peak to peak voltage (V pp ) is 20 V at the symbol rate of 1.7 M. The gain-bandwidth product is a constant for the driver amplifier. With the increase of the symbol rate, the maximum output is decreased. The LEDs in the LED array are divided into two groups and each group is assigned to a user. The electrical OFDM signals with different V pp s are DC-level shifted using bias tee modules prior to IM of the grouped LEDs, respectively. The modulation bandwidth of the LED is 2.5 MHz. Fig. 4 depicts the P-I characteristic of the LED with the linear region within the current range of 10 to 160 mA. In order to make a full use of the LED's dynamic range, the DC bias for each LED (i.e., I DC ) is set to 85 mA. At the receiver (Rx), a commercial optical Rx (APD 120A/M) is used to detect the optical signal. The detected signal is captured using a digital sampling oscilloscope (RIGOL MSO4054). Then the captured digital signal is decoded off-line in the MATLAB domain using a SIC Rx. Note that the channel gain for each user should be estimated for SIC processing as shown in Fig. 3 . All the key system parameters are provided in Table I . Fig. 5 depicts the BER performance as a function of the transmission distance for users 1 and 2. One and two LEDs are assigned to users 1 and 2, respectively. Each user has its own driven circuit. The power allocation ratio of user 1 to 2 (i.e., PAR 1/2 ) is 0.25. The DCs are 85 mA and 170 mA for user 1 and 2, respectively. It is known that the amplitude of the transmitted signal for IM of the LED should be a tradeoff between modulation index and LED nonlinearity. A higher modulation index offers a higher optical signal power thus provides a higher SNR, but suffers from higher nonlinear distortion. In the experiment, the V pp of the driving signal is optimized to be 7.5 V for each LED. Therefore, the V pp values for OFDM signals are set to 7.5 V and 15 V for users 1 and 2, respectively. Fig. 6 illustrates the average BER performance as a function of the transmission distance for PAR 1/2 values of 0.11 and 0.25. For a PAR 1/2 of 0.11, one and three LEDs are assigned to users 1 and 2, respectively. The DCs for users 1 and 2 are 85 mA and 255 mA, respectively. For the OFDM signals V pp are 6.6 V and 20 V for users 1 and 2, respectively. Since V pp−Max of the driver circuit is 20 V, we have to reduce the amplitude of driving signal to each LED. As shown in Fig. 5 , user 2 which is allocated with more power has better BER performance. Considering the user's fairness, user with further distance from the Tx is allocated with more power. In the dynamic power allocation method, the Tx should know all the users' channel conditions in order to ensure user's fairness but at the cost of increased complexity. In the static power allocation method, a simpler approach to ensure fair power allocation is to consider optimum average BER performance of the link. In our previous work [7] , we showed that, the optimum PAR 1/2 is 0.25 to achieve the best average BER performance. We also consider a conventional PD-NOMA scheme with two users. At the Tx, two OFDM signals are generated and combined together with a pre-defined PAR in the MATLAB domain. An AWG is used to generate the electrical version of the combined signal for IM of all three LEDS following DC-level shifting, as shown in Fig. 7 . The key parameters are similar to the OPD-NOMA scheme as shown in Table I . At the Rx, the optical NOMA signal is detected by a photo detector and then decoded by a SIC Rx. The optimum V pp of the driving signal should be 22.5 V in order to make full use of the linear modulation range of LEDs. However, V pp-Max of the driver circuit is 20 V, therefore, V pp of the NOMA signal is set to 20 V, which cannot make full use of the P-I linear range of the LED. In OPD-NOMA, the optimum V pp values for the transmitted signals are 7.5 V and 15 V for users 1 and 2, respectively. Therefore the maximum drive current is about 2/3 of that of PD-NOMA in order to achieve the optimum modulation index.
III. EXPERIMENT SETUP AND RESULTS
With the same DC bias and amplitude of driving signal for each LED in the LED array (i.e., I DC = 85 mA, V pp = 6.6 V), the BER performance for conventional PD-NOMA and proposed OPD-NOMA are comparable as shown in Fig. 8 . However, the BER performance of OPD-NOMA can be improved further by increasing V pp of the driving signal applied to each LED. As such, the obtainable BER performance of OPD-NOMA is better than PD-NOMA using the same driver circuit with a limited gain-bandwidth product. With the increase of the signal bandwidth, the V pp-Max of the driver circuit is further reduced. With even lower values of V pp-Max (i.e., 15 V), the performance gain of OPD-NOMA is expected to be more impressive in contrast to PD-NOMA. In practical applications, an array with a higher number of LEDs is required to ensure sufficient illumination in indoor environments. The implication of this is that PD-NOMA will require a higher LED drive current. Whereas, in OPD-NOMA LEDs in an array are divided into a number of groups with each group being driven by a user with a particular driver circuit. Therefore, the maximum drive current together with the requirement for gain-bandwidth product and cost are reduced compared to PD-NOMA. In addition, the transmitted signals with lower power levels suffer from reduced nonlinear distortion caused by the LED and amplifiers.
IV. CONCLUSION
We proposed an optical power domain based NOMA scheme for VLC. The maximum driven current for OPD-NOMA was significantly reduced compared to that for conventional PD-NOMA, which reduced the gainbandwidth product requirement for the driver circuit. We showed by means of experimental investigation that OPD-NOMA offered improved BER performance compared to conventional NOMA using the same driver circuit but with a limited gain-bandwidth product.
